We estimate the impact of a feed-in tariff for renewable power on wind power investment in Germany at the county level from 1996-2010 controlling for windiness and access to the electricity transmission grid. After the Renewable Energy Law (EEG) was passed in 2000, the feed-in tariff became linked to wind power potential, such that more windy locations received a lower incentive per unit of output. We find that a 1 e-cent/kWh increase in the feed-in tariff rate would increase additions to capacity at the national level by 764 MW per year from 1996-2010 or 1,528 MW per year from 2005-2010. We analyze counterfactual scenarios, in which a uniform incentive is offered instead of the wind-dependent EEG incentive. Significantly more wind power plants are installed along the northern coastal counties in the uniform incentive scenario. We find that while the uniform incentive results in greater total wind power output per installed capacity, the EEG is ultimately more efficient by achieving 1% greater wind power output per euro and 3.7% greater reductions in power sector emissions per euro. In addition, we find a significant response from investors to an EEG provision that shifted the cost of transmission system upgrades from wind power developers to grid operators in 2000. The lack of a signal on scarcity of transmission capacity has likely resulted in a distribution of wind power plants that makes suboptimal use of existing infrastructure, necessitating investment in new transmission corridors.
INTRODUCTION
R ENEWABLE POWER in Germany enjoyed broad public support when a feed-in tariff for renewables was instituted in 1991. Industry response to the feed-in tariff was strong with installed wind power capacity growing nearly three-hundred-fold from 0.1 GW in 1991 to 29.1 in 2011. Supporting renewables and promoting energy efficiency are part of a broader energy policy, the Energiewende or transformation of the energy system, which includes phasing out nuclear power by 2022.
With the Energiewende Germany has become a global player in the green technology sector. The motivations behind the Energiewende are not only economic. According to BMU [2013] there is a popular consensus that Germany has an ethical and cultural obligation to show the world that economic competitiveness can be reconciled with sustainable development in a leading industrial nation. Despite this basic public support for the Energiewende, criticism is mounting as renewable penetration in the grid increases. Companies threaten to relocate operations outside of Germany, citing rising energy costs. Citizens complain about wind turbines and transmission lines located close to their homes. Electricity experts see an increasing risk of blackouts as investment in transmission infrastructure lags behind investment in renewable power. The European Union has investigated whether the feed-in tariffs for renewable power and industry exemptions for paying them constitute illegal subsidies. Economists and policymakers question whether the cost of supporting renewables has outpaced the benefit of reduced emissions and whether subsidizing renewable power makes sense after the inception of the European Union emissions trading scheme (ETS) in 2005.
The Energiewende had humble beginnings. Shortly after reunification of West and East Germany, the Law on Feeding Electricity into the Grid or Stromeinspeisungsgesetz (StrEG) came into effect in 1991 to promote the production of renewable power through a feed-in tariff (FIT) guaranteed over the first twenty years of the lifetime of the plant. The idea behind the law was to support renewables to reduce emissions in the power sector (1) and to prevent large electricity transmission companies from underpaying for electricity from small power producers (2) [Berchem, 2006] . The success of the StrEG took industry and government by surprise. Installed wind power capacity grew from 106 MW in 1991 to 4435 MW in 1999. In 2000, the German government passed the Renewable Energy Law or Erneuerbare Energien Gesetz (EEG). It maintained the structure of supporting renewables with a 20-year FIT, but clarified the allocation of interconnection costs and linked the level of the FIT to the windiness of plant locations, such that less windy locations receive a higher FIT. This location-specific FIT is an unusual component of the EEG that we investigate in our paper.
Despite continued public discussion of the Energiewende in general and renewable power in particular, basic facts about the impact of these subsidies on wind power development in Germany remain unexplored. Büsgen and Dürrschmidt [2009] review a 2007 progress report on the EEG by the Federal Ministry for the Environment, Nature Conservation and Nuclear Safety. They draw conclusions from estimates of the amount of electricity remunerated under the FIT policy and the amount of emissions reductions, but they do not estimate the additionality of the EEG -that is they assume no development of renewable power in the absence of the EEG. Frondel et al. [2010] estimate the net present cost of EEG support for renewables and provide a critique of the law, but they too do not account for additionality, nor do they allow for a location-specific FIT in the case of wind power. Diekmann et al. [2008] provide a comprehensive analysis and critique of the EEG, focusing on the impacts on the economy as a whole, specific industries, and the power sector. However, they too do not specifically quantify the impact of the EEG on investment in wind power.
Several studies have focused on the co-existence of the EEG and ETS, since any emission reductions achieved through the EEG in Germany would lead to a reduction in the ETS permit price and a corresponding increase in emissions. Traber and Kemfert [2009] estimate the impact of the EEG on electricity prices and emissions in the context of the ETS. They decompose the effects of the FIT into a substitution effect, triggered by the replacement of conventional by renewable sources, and a permit price effect induced via the ETS. They find that the EEG caused German consumer prices to increase by 3%, producer prices to decrease by 8%, and emissions to decrease by 11%. However, European emissions are reduced only by 0.5%, since other European countries increase emissions due to the FIT-induced drop in the permit price. Frondel et al. [2010] come to a similar conclusion. Ideally, the ETS cap would need to be adjusted according to the level of FIT support for renewables in member countries.
It has also become increasingly clear that the subsidies for renewable power have led to a much higher than expected investment in renewables with a correspondingly higher than anticipated cost. Büsgen and Dürrschmidt [2009] estimated that the cost of the EEG to the consumer would peak at 1.5 cent/kWh around 2020, while in reality it has reached 6.24 cent/kWh in 2014.
This paper is the first study to quantify the effect of feed-in tariffs on additions to installed wind power capacity across German counties from 1995-2010, building on a similar analysis by Hitaj [2013] for the United States. The econometric analysis takes advantage of the fact the feed-in tariffs in Germany have varied both over time and across counties, allowing us to distill how great a portion of the expansion in wind power is due to the EEG as opposed to other factors. Previous studies have ignored this issue of additionality. Control variables include windiness, electricity transmission grid density, county GDP, population density, land value, voting rates for the Green Party (to capture environmental consciousness), and technological advances in wind turbines.
We find that the StrEG and EEG FIT had a significantly positive effect on wind power development. A 1 e-cent/kWh increase in the initial FIT rate would cause capacity additions at the national level to increase by 764 MW per year over the study period of 1996 -2010 and 1,528 MW per year in 2005 -2010 . While the importance of the level of the FIT increased over time, the importance of ease of access to the electricity grid declined. We find that grid density has a positive effect on wind power plant installations only in 1996-1999. In 2000, the EEG shifted the burden of transmission system upgrade costs from wind power developers to grid operators, after which point grid density no longer has a significant effect on wind plant installations. We also find evidence that the regulatory change in 2004 requiring locations to meet a minimum windiness standard to remain eligible for the FIT had a significant effect, with "just" eligible locations experiencing greater wind power investment than ineligible counties.
Finally, our study allows us to further investigate a unique feature of the Renewable Energy Law. Beginning in 2000, the level of the feed-in tariff varied across locations depending on average wind speeds, such that less windy locations received higher subsidies per unit of output. The revenue a wind power plant owner receives is equal to the product of output and the FIT rate. As output increases with windiness, the FIT decreases as well by design. This means that revenue initially increases linearly with output and then gradually flattens out, such that locations with medium and high levels of windiness receive the same amount of revenue. This set-up induces a more uniform distribution of wind plants across the country than under a non-varying FIT.
At first glance, providing higher incentives at less windy places seems sub-optimal. The same amount of installed wind power capacity would produce a lower amount of power in the uniform case than in the clustered case. However, less money is spent on subsidizing investment in very windy areas, which might experience the same level of development with a lower incentive. Whether the overall lower cost combined with the decrease in output results in a larger or smaller output per euro is unclear a priori. In addition, power systemlevel emissions rates vary across the country, and different distributions of wind power plants result in different levels of emission reductions per euro.
Based on the estimates from the regression analysis, we analyze counter-factual scenarios, in which a uniform national incentive is offered as opposed to the EEG incentive that depends inversely on windiness. We demonstrate how the total capacity, power output, and spatial distribution of wind plants differ across these scenarios, and also estimate their costeffectiveness. We find that the EEG performs slightly better than a uniform national incentive in terms of cost-effectiveness, achieving a 1% greater power output from wind plants per euro spent and a 3.7% greater emission reduction per euro spent than the equivalent uniform incentive. The EEG would likely perform even better if transmission congestion were taken into account, as congestion is more of an issue in areas with a high concentration of wind power plants. Thus, we find that the cost savings from linking the FIT level to windiness are substantial enough to make up for the associated reduction in output, though the overall improvement in efficiency is only minor.
BRINGING WIND POWER ONLINE
Despite its small land mass, Germany was the world leader in installed wind power capacity until 2007, when it was overtaken by the United States and later China. In relative terms Germany outperforms both countries, producing 7.4% of its electricity supply from wind power plants in 2012 compared with 3.4% and 2% for the United States and China, respectively [BMWi, 2013 , EIA, 2013 , BNEF, 2013 . 1
The German government has offered generous feed-in tariffs for renewables for the past two decades, resulting in a rapid expansion of wind power in Germany and making Germany particularly suitable for a study to quantify the effects of feed-in tariffs on investment in wind power.
The profitability of a new wind plant depends on a location's wind speed profile, availability of government incentives, and access to the transmission grid. The benefit of a wind plant in terms of its contribution to abatement depends on the emissions rates of the conventional power plants its output substitutes for. This section first presents the evolution of the feed-in tariff for wind power and then provides an overview of the structure of the German 1 The share of electricity generated from wind power is greater in four other countries: 30% in Denmark, 18% in Spain and Portugal, and 16% in Ireland EIA [2013] . power sector, focusing on interconnection procedures for wind power plants and power sector emissions.
Policy Incentives for Wind Power from 1991 to 2010
The federal incentive program for wind power began in 1991 with the Stromeinspeisungsgesetz (StrEG) or Law on Feeding Electricity into the Grid. The law required utilities to purchase electricity from wind power plants at a fixed price (feed-in tariff) equal to 90% of the average retail price of electricity from two years prior and also guaranteed access to the electricity grid through interconnection. Wind power plants received the feed-in tariff (FIT) for a period of 20 years. Installed wind power capacity increased significantly from 55 MW in 1990 to 4435 MW in 1999, supplying 1% of electricity in 1999.
The StrEG was replaced in 2000 by the Erneuerbare Energien Gesetz (EEG) or the Renewable Energy Sources Act. Similar to the StrEG, wind power plants receive a FIT over 20 years, but the EEG stipulates a separate higher tariff for the first 5 years. The initial period with the higher tariff is extended for those wind power plants with an expected output less than 150% of reference output 2 by 2 months for each 0.75% of the reference output, by which the expected output falls short of 150% of the reference output. Thus, a wind power plant with an expected output of 142.5% would receive the higher initial FIT for an additional 2*(150-142.5)/0.75 = 20 months. This stipulation means that the EEG incentive varies across locations according to wind power potential, with less windy locations receiving more federal support per unit of output than more windy locations. Table 1 summarizes the federal incentives for wind power and installed capacity from 1991 to 2011.
The EEG revision in 2004 lowered the FIT for wind power, specified an annual FIT degression rate of 2%, and excluded wind power plants with an expected output less than 60% of reference output from receiving the FIT. The latter clause ensures that wind power development does not occur in locations with very low wind resources. The 2009 revision raised FIT rates, lowered the degression rate to 1%, and introduced a 0.5 e-cent/kWh system-servicesbonus during the initial period for wind power plants that fulfill certain technical requirements for grid integration of intermittent resources, such as flicker control, harmonics, and low-voltage ride through.
The costs of the FIT scheme during the first decade under the StrEG were borne by utilities, which could pass them on the customers through rate increases. Beginning with the EEG in 2000, costs were distributed directly to end-use consumers through a nationally uniform EEG surcharge on electricity bills. Energy-intensive companies facing international competition can apply to be exempted from the surcharge.
Structure of the Electricity Sector: Deregulation and Market Power
Deregulation of the electricity sector began in 1998 with the Energy Industry Act or Energiewirtschaftsgesetz (EnWG), which stipulated that independent power producers have open access to the transmission grid. The vertically integrated power companies controlling generation, transmission and distribution resources were required to keep separate records of these three activities. No regulatory agency was created to oversee the liberalization. Un-2 Reference output varies according to the type of turbine and is defined as the output over five years given an average wind speed of 5.5 m/s at 30m above ground. der this setup, transparency and enforcement remained an issue, particularly since only an on-the-books separation was required. Independent power producers negotiated agreements with power companies that owned the transmission infrastructure in order to transport their electricity on the grid. However, without a regulator, large power companies could still prioritize transmission of electricity from their own generation assets over that from independent power producers.
The process of separating generation from transmission activities began in 1998 and was not completed by 2010, the end of the study period of this paper. In 2005, the law was changed to create a regulatory agency (Federal Network Agency or Bundesnetzagentur), and large power companies were required to separate their transmission and distribution activities from their generation activities within the company (divestment was not required).
Germany's power market is very concentrated, as four power companies, RWE, EnBW, E.ON and Vattenfall, produced 82% of electricity in 2010 [EC, 2012] . Beginning only in 2010 did three of the four power companies sell or partly sell their subsidiaries controlling the transmission system. 3 These large companies held market power, at least in principle, since they would have been able to favor transmitting electricity from their own generators over electricity from independent power producers. Indeed, Weigt and von Hirschhausen [2008] find realized wholesale electricity prices to be greater than competitive benchmark prices, indicating the presence of market power. Figure 7 in the Appendix depicts the control areas of the four transmission system operators.
Interconnection and Dispatch
The system of feed-in tariffs instituted in 1991 opened up the market to independent power producers of renewable energy, since the price of electricity was set by the government and paid for by the consumer. However, the StrEG makes no provisions for which party bears the costs of interconnection. The EEG in 2000 clarifies that renewable power plants must bear the cost of connecting to the nearest economically and technically feasible interconnection point in the grid, but the transmission operator must pay for any necessary grid upgrades to accommodate the new plant. Despite this provision, interconnection costs can be the subject of negotiation, since in some cases it is difficult to distinguish where interconnection costs end and grid upgrade costs begin [Leprich et al., 2008] .
The EEG stipulates that transmission operators must give renewable power plants immediate priority for interconnection. However, the law does not elaborate on what "immediate" constitutes, nor does it provide for sanctions in the case of non-compliance [Leprich et al., 2008] . Despite the fact that the costs of the feed-in tariff can be passed on to consumers, transmission operators incur additional indirect costs, such as transactions costs and system upgrade costs (that are not directly passed on to the consumer), when renewable power plants interconnect to their grid [Leprich et al., 2008] . This can lead to tensions between TSOs and renewable power plant operators.
Ideally, a large shift in energy policy as it is codified in the EEG and envisioned in the Energiewende requires coordination between power plant developers and grid operators at the national level, so that investment in generation and transmission infrastructure can be jointly optimized. In reality, no such coordination existed until the Power Grid Expansion Act (Energieleitungsausbaugesetz) was passed in 2009 and the Network Development Plan (Netzentwicklungsplan) began in 2011.
The system of shallow interconnection fees, in which the grid operator pays for system upgrade costs, combined with priority dispatch for renewable power and a fixed feed-in tariff that does not take into account transmission constraints or system demand means that renewable power plant developers receive essentially no location signals that would allow for optimal use of the existing transmission infrastructure. Expansion of the grid is necessary to transport electricity produced in the windy North to the energy intense industries and population centers located in the South and West of Germany. Building new transmission lines is a lengthy and contentious process, particularly in a country that is as densely populated as Germany. Companies in the German wind industry consider insufficient grid expansion to be the major threat to the expansion of renewable energies in Germany [Stegen and Seel, 2013 ].
Intermittency and Power Sector Emissions
Since wind power is intermittent and cannot be perfectly predicted, transmission operators must keep back-up capacity online to make up for unexpected shortfalls in output. The costs associated with this back-up capacity are generally low 4 but increase with higher levels of wind power penetration. Fast-ramping natural gas plants are better suitable than slowramping coal plants for counter-balancing fluctuations in wind plant output at the sub-hourly and hourly level. If wind powe ris more likely to replace natural gas than coal, this is bad news in terms of emissions reductions, since coal plants emit roughly twice as much carbon dioxide than natural gas plants do.
Natural gas is more expensive than coal, which is another reason why wind power is more likely to substitute for power from natural gas rather than coal plants. As more renewable power plants come online, the price of electricity decreases, since plants with high marginal costs, such as natural gas, drop further down in the merit order and are dispatched less frequently. 5
The expense of natural gas and its fast ramp rate mean that natural gas power plants produce less power with increased penetration of wind power in the grid. Traber and Kemfert [2011] find that at current wind power supply levels the incentives to invest in flexible natural gas power plants capable of counter-balancing the intermittent supply of wind power are insufficient. This slows down the transition to a low-carbon power sector, since the new generation of conventional plants in Germany is predominantly coal.
The benefit of renewable power plants depends heavily on location. First, some areas of the grid may experience frequent transmission constraints, in which renewable power is curtailed in favor of conventional power located closer to demand centers. Second, the abatement achieved by a renewable power plant varies across locations and depends on the configuration of the grid [Hitaj, 2014] . A subsidy for renewable power does not take this varying rate of abatement into account. 1 8 9 6 -1 9 8 9 1 9 9 0 1 9 9 1 1 9 9 2 1 9 9 3 1 9 9 4 1 9 9 5 1 9 9 6 1 9 9 7 1 9 9 8 1 9 9 9 2 0 0 0 2 0 0 1 2 0 0 2 2 0 0 3 2 0 0 4 2 0 0 5 2 0 0 6 2 0 0 7 2 0 0 8 2 0 0 9 2 0 1 0 The county-level spatial average of this five-year expected electricity output in kWh/m 2 is the measure used in this paper to account for varying wind power potential across counties. This measure offers a much finer gradation than the more commonly used wind power class or average wind speed. In addition, as the relationship between wind speed and power output is non-linear, expected wind power output can more readily be incorporated into the linear regression equation than either wind power class or average wind speed.
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Figures 3a and 3b
show how wind power potential and installed capacity are concentrated in Northern Germany. However, population and economic activity are centered in the southern and western parts of Germany (Figures 3c and 3d ). This mismatch between demand for electricity and the location of wind resources will intensify in the future, as the government is set to phase out nuclear power by 2022, most of which is concentrated in the Figure 3 : Expected wind power output, total installed capacity, GDP per capita and population density (2010)
Electricity Grid
Data on the German electricity grid were provided by the German Association of Energy and Water Industries [BDEW, 2013] . 7 The data contain information on transmission lines from all 934 distribution system operators. The grid density variable is calculated as the total length of transmission lines in the county divided by the county area. This variable is a measure of transmission line coverage.
Policy Incentive Variables
The incentive structure of the StrEG is straightforward with its standard FIT in ecent/kWh available in all locations. Under the EEG however, the wind power potential of a location determines to which extent (if any) the initial five-year period with the higher tariff is expanded. Thus, the EEG incentive varies across locations according to wind power potential, and the initial and base incentives are received at different points in time during
the 20 year period. Wind power potential and EEG incentive are thus linked.
A first, simple regression specification includes both the level of the initial incentive and wind power potential as regression variables. This specification does not account for the fact that the importance of the initial incentive varies across counties according to wind power potential. 8 However, it is possible to track the relative importance of the incentive and wind power potential over time, which would not be possible with a single combined variable.
As a second method, this paper uses the net present value of the expected 20 year electricity output per m 2 of rotor swept area of a standard wind turbine as a measure to capture the changing federal incentive over time and across counties. The DWD estimates that the reference output of the same standard wind turbine used to calculate the expected five-year electricity output in each county amounts to 4,319 kWh/m 2 . Based on this reference output, the extension of the initial period with the higher tariff can be calculated for each county. The initial period is extended for wind power plants with an expected output less than 150% of reference output by 2 months for each 0.75% of the reference output, by which the expected output falls short of 150% of the reference output. The 5-year initial period can be extended for a maximum of 15 years, since the FIT is offered for 20 years. This means locations with an expected output less than 3,563 kWh/m 2 receive the maximum incentive, i.e. the initial incentive for the full 20 years. 9 Locations with an expected output less than 60% of reference output, which is 2,591 kWh/m 2 , are ineligible after 2004.
The net present value of the 20 year electricity output valued at the corresponding initial and base FIT rates are calculated for each county assuming a 7% discount rate. This incentive revenue variable in euro per m 2 rotor area captures variation in the EEG incentive across 7 We thank the BDEW and Florentine Kiesel for providing the data. 8 The importance varies over time as well, since the ratio of the initial to the base incentive varies: 1 from 1995-1999, 1.47 from 2000-2004, 1.58 from 2005-2008, and 1.93 from 2009-2010) . As this is a fixed ratio over the separate time periods considered, we exclude the base incentive from the regression. Including it in the full period regression did not significantly alter the results. 9 There are 90 two-month periods in 15 years. Thus, the maximum incentive is achieved at 4,319 kWh/m 2 * (150% -(0.75%/period *90 periods)) = 3,563 kWh/m 2 counties and over time. From 2009 onwards, it is assumed that all new wind plants meet the requirements to earn the system-services bonus of 0.5 e-cent/kWh.
As a robustness check, results with non-discounted incentive revenue are presented as well. It is important to note that discounting diminishes differences in the 20-year EEG income across counties. All counties receive the initial incentive for at least 5 years. The effect of wind power potential on EEG income is felt only in later years. Non-discounted incentive revenue thus captures the heterogeneity of the EEG incentive across counties to the greatest degree. Figure 4 shows how the EEG incentive varies according to windpower potential. The average incentive depicted in the graph is simply a weighted average of the initial and base FIT rates. For example, if a location qualifies for 7.3 years of the higher initial incentive followed by 12.7 years of the lower base incentive, the average incentive is simply (7.3/20)· initial incentive + (12.7/20)· base incentive. Locations with potential windpower output between 2,591 kWh/m 2 and 3,563 kWh/m 2 receive the maximum incentive, which is the initial FIT for the entire 20 year period. The incentive decreases linearly until 6,478 kWh/m 2 , which is 150% of the reference output. Locations with greater potential output receive only the minimum incentive, which is 5 years of the initial incentive followed by 15 years of the base incentive.
Correspondingly, incentive revenue increases linearly until 3,563 kWh/m 2 , after which point it gradually flattens out until reaching 6,478 kWh/m 2 , the minimum incentive level. Based on the average windpower potential in our sample of 402 counties, the initial period lasts from 5.27 to 20 years, with only 45 out of 402 counties not qualifying for an initial period extension to the full 20 years.
It is important to note that in terms of revenue, which is the FIT multiplied by power output, the EEG does not provide a greater total incentive for less windy locations. Rather, revenue flattens out, such that very windy locations receive the same revenue as somewhat less windy locations. In other words, the relationship between revenue and windpower potential never turns negative. The result of linking the FIT to windpower potential is that revenue from very windy locations is reduced to a level that is equal to (not less than) that from somewhat less windy locations.
An indicator variable, ineligible, captures the fact that locations with an expected output less than 60% of the reference output are ineligible to receive the EEG incentive beginning in August 2004. 10 As the expected output variable is a spatial average of output across the county, a less strict version of the rule is applied here to better capture ineligibility. Average wind levels within a county could signal ineligibility, while parts of the county remain eligible.
For this reason, the indicator variable ineligible is equal to one if the county-average expected output is less than or equal to 50% of reference output, rather than 60%. 11
In sum, this paper presents the results of measuring the EEG FIT through the initial incentive, as well as discounted and non-discounted incentive revenue, while controlling for eligibility with an indicator variable. 10 Due to the annual nature of the data, we start the EEG 2004 reforms in 2005. 11 As a robustness check, we include the results using 60% as the cutoff value in Table 10 in the Appendix. 
Socioeconomic Variables and Technological Development
Data on county area, GDP, population density, land value, and the share of green party votes in state and federal elections were obtained from the regional database (Regionaldatenbank) of the Federal and State Statistical Offices [FSSO, 2013] .
Wind power plants are less likely to be located in areas with a high population density or land value. GDP controls for county-level economic activity. As electricity demand is positively correlated with economic activity, a positive coefficient is expected. Finally, we control for technological development in wind turbine capacity and wind plant design using a flexible trinomial time trend.
Summary Statistics
Summary statistics are presented in Table 2 . The data are divided into two groups -observations with positive additions to capacity and those with no additions to capacity. Most means and standard deviations are significantly different between the two groups. As expected, county-time observations with wind power development have on average higher wind power potential and policy incentives, as well as lower population density, land value, GDP, and grid density than those observations without wind power development. transmission lines are typically densely populated and contain only lower voltage distribution lines. ‡ Since elections take place every 4-5 years, the values between the elections are interpolated. Differences in means and standard deviations may be significant at the 1%(***), 5 %(**), or 10%(*) level. Difference in means is tested with a t-test allowing for unequal variances. Difference in standard deviation is tested with Bartlett's test.
EMPIRICAL STRATEGY
The sample includes all 402 counties from 1996 to 2010 (with lag capacity additions necessitating the exclusion of 1995) for a total of 6,030 observations. Positive additions to installed wind power capacity occurred in only 36% of county-time observations, which means the dependent variable is equal to zero for 64% of the observations. The Tobit model first developed by Tobin [1958] is designed to handle this type of corner solution or censoring of the dependent variable, where y it is zero with positive probability and close to continuous for y it > 0.
The random-effects panel Tobit estimators are obtained by maximum likelihood.
Let latent wind power capacity additions y * it depend on the vector X it , consisting of the independent variables discussed in the data section, such that
for all counties i = 1, . . . , N and all time periods t = 1, . . . , T . As corner solutions are possible, the observed variable is
The error term it is composed of a time-invariant county-specific random effect ν i and an idiosyncratic error ξ it that varies over time and across counties. Assume that ∀i = j, t = q
and that ν i is orthogonal to X it . This latter assumption requires that any unobserved timeinvariant county-specific variables, that affect wind power and are thus contained in ν i , are uncorrelated with the independent variables. Elevation and land use or ground cover may make some counties particularly unsuitable for hosting wind turbines, but it is unlikely that these characteristics should be systematically correlated with the independent variables.
The zero covariance assumption means that errors are not correlated across counties or over time. This assumption is violated if, for example, firms with existing installed capacity prefer investing in neighboring counties or in the same county in some later period to take advantage of economies of scale to reduce costs. However, the potential cost savings are small compared to total costs, which are comprised largely of the wind turbine cost. The regression equation is also estimated via random-effects ordinary least squares as a robustness check.
Counterfactual Scenarios
A unique feature of the EEG is that incentives depend on wind power potential, with less windy locations receiving a higher incentive per unit of output than more windy locations.
This paper analyzes several counterfactual scenarios, in which a uniform incentive is applied to all locations to compare wind power development across the different regions. Each scenario is associated with a different geographical roll-out of wind power across the regions, and thus a different level of wind power output, total cost of the subsidy, and emissions. Based on the regression estimates for the full sample period (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , annual additions to installed capacity are predicted under the EEG as well as different levels of uniform incentives for the 2000-2010 period.
Equation 1 gives the predicted capacity additionsŷ it in county i in year t, whereβ and σ ξ are the estimated coefficients from the regression analysis and φ and Φ are the Normal probability density function and cumulative distribution function.
A counterfactual scenario with a uniform incentive (as opposed to a wind-dependent incentive) is analyzed by replacing the EEG incentives with the uniform incentive before predicting additions to capacity. A difficulty arises from the fact that lag capacity is one of the explanatory variables in the vector X it . Keeping realized capacity additions under the EEG as the lag capacity variable would bias the predictions towards maintaining the geographical distribution of wind power development under the EEG. For this reason, capacity additions in 2000 are predicted using 1999 data. In each subsequent year t ≥ 2000, the predicted addition y it is then used as lag capacity for predictingŷ i,t+1 in the following year.
Each subsidy scenario s is associated with different capacity additionsŷ it over the i = 1, . . . , N counties and t = 1, . . . , T years. The wind power output O(s) over 20 years of all the plants installed over the N counties and T years is calculated as follows:
where k is the capacity factor equal to 0.3, 12 and w i is the wind power potential in county i. The wind power potential is calculated as the one-year output in kWh per square meter rotor area (the wind power potential variable divided by 5) times the square meter per kW of a typical 2 MW turbine at 80 m hub height (5,026.5 m 2 / 2 MW = 2,513.25 m 2 /MW), such that w i is in units of kWh/MW. Output O is in kWh per 20-year plant life.
The total cost C is given by equation 3, where s it is the average incentive received in county i in year t in euros per kWh, such that C is in euros per year.
Equation 4 gives the total emission reductions E(s) from wind power output replacing output from conventional power plants. The emissions rate e i is time-invariant and varies over states (Bundesland) and is given in kg of CO 2 -equivalent per kWh (Table 8 ). The ideal measure would be an emissions rate at the county level that also varies over time, but these data are not available. Total emission reductions E are given in ton of CO 2 -equivalent per
year.
The subsidy scenarios s can be ranked according to their efficiency, as measured by the kWh output per e, O(s)/C(s), and by emission reductions in ton of CO 2 -equivalent per e, E(s)/C(s). Tables 3, 4 , and 5 present the regression results using different methods to capture the incentive program: initial incentive with windpower potential (Table 3 ) and the combined measure of discounted (Table 4 ) and non-discounted (Table 4 ) incentive revenue.
RESULTS AND DISCUSSION
Including the level of the initial incentive and windpower potential as separate regressors does not account for the fact that the relative importance of the initial incentive changes with windpower potential (and over time). This is accomplished by computing a combined measure, incentive revenue, which is equal to the net present value of the expected electricity output over 20 years valued at the corresponding initial and base FIT rates assuming a 7% discount rate. It is thus a non-linear function of windpower potential, our measure of windiness, which is therefore excluded from the regression. In each case, the regression results are [Hitaj, 2013] . As a robustness check, Table 5 shows the regression results using non-discounted incentive revenue to capture the EEG. Again, the coefficient on non-discounted incentive revenue on capacity additions increases from 1.78 in 1996-1999 to 8.57 in 2000-2010. The model is also estimated using ordinary least squares ( of reference output appears to capture "just" eligible counties, which has a significant positive effect on capacity additions (Table 10 ). Ineligibility measured at 50% is conversely not significantly negative, since these counties may be undesirable in any case. 13 Thus, the regulatory change that took place in 2004 marking less windy sites as ineligible for the incentive had a significant effect on capacity additions with wind power devel- 1996-2010 1996-1999 2000-2004 2005-2010 2000-2010 Lag capacity additions (kW) 0.109*** 0.191*** 0.215*** 0.0569** 0.103*** (0.01) (0.03) (0.03) (0.02) (0.02)
Lag capacity additions squared -0.000556*** -0.00246*** -0.00147*** -0.000234 -0.000584*** (10 3 kW 2 ) (0.00) (0.00) (0.00) (0.00) (0.00)
Windpower potential (kWh/m 2 ) 1.933*** 0.624*** 2.516*** 1.563*** 2.347*** 
Analysis of Counterfactual Scenarios: Uniform Incentives
In this section we explore the effect of a uniform incentive on wind power development across counties. Beginning with the EEG in 2000, the federal incentive for wind power varied according to wind power potential with less windy sites receiving a higher FIT rate than more windy sites. This translates into incentive revenue increasing linearly with windpower potential but then gradually flattening out until the maximum incentive is reached. Here, we estimate capacity additions over time under a different hypothetical FIT regime -a uniform national incentive that does not vary with wind power potential.
Three different hypothetical FIT levels are considered (Table 6 ). In all three cases, all locations are presumed eligible to receive the incentive, in contrast to the EEG, which excludes locations with output less than 60% of reference output after August 1, 2004. 14 Under the EEG, the 5-year period with the higher initial incentive is extended depending on the location's windiness, such that the 20-year average FIT varies across counties. The high, medium
and low counterfactual incentives are calculated as follows (Table 6) A priori, it is unclear whether the uniform incentive or the wind-dependent EEG incentive achieves greater wind power output per euro (kWh/e). Presumably, the EEG will achieve lower wind power output per installed turbine, since it offers a reduced incentive in very windy areas. However, the uniform incentive may overspend on subsidies for wind turbines in high-wind areas, which would experience development even at lower incentive levels. Thus, while the uniform incentive is expected to outperform the EEG in terms of wind power output per installed turbine, the relative standings in terms of wind power output per euro are unclear.
The impact of the incentive structure on emission reductions per euro (CO2 kg/e) is also uncertain. This depends in part on how well the different incentive structures perform in terms on kWh/e. However, it also depends on the degree of correlation between windiness and regional emissions. If windiness and regional emissions are negatively correlated net of other factors that affect a location's suitability, the EEG could achieve greater reductions in emissions per euro spent than a uniform incentive. However, we must focus on the case where predicted capacities are used as lag capacities in the following year to avoid biasing the predicted distribution towards the actual distribution. As 10 years of capacity additions are predicted in this way, errors compound and the predicted EEG capacity additions diverge quite substantially from actual capacity additions towards 2010. With this prediction method, total predicted capacity reaches 8.806 GW compared to the actual capacity of 23.34 GW. However, we are more interested in comparing predicted capacity additions across the different incentive structures than in the absolute level of predicted capacity additions. The divergence between predicted and actual EEG capacity additions is therefore less of an issue. The medium incentive can be more directly compared with the EEG prediction. The incentive level is set at about 1.35 times the low incentive such that the total installed capacity under the medium uniform incentive matches that of the EEG prediction at 8.806 GW. For the same amount of installed capacity, wind power output under the EEG (86.65 TWh) is lower than under the uniform incentive (88.93TWh). However, at 7.828 billion euros, the uniform incentive is more costly than the EEG at 7.554 billion euros, since the EEG reduces costs by recognizing that windy areas require less support to make an attractive investment. Overall, the EEG performs slightly better than the equivalent uniform incentive in terms of output per euro (11.47 kWh/ecompared with 11.36 kWh/e) and emission reductions per euro (3.596 kg/ecompared with 3.469 kg/e). However, the improvement is marginal at 1% for output per euro and 3.7% for emission reductions per euro. The EEG would likely perform even better than a uniform incentive if transmission congestion were taken into account. High concentrations of wind power in particular areas and transmission constraints mean that not all of the wind power can be transported to electricity demand areas. Compared with a uniform incentive, the EEG results in a more distributed arrangement of wind power plants across the transmission grid and thus lower levels of congestion and higher levels of emission reductions. The 3.7% improvement over a uniform incentive in terms of emission reductions per euro would likely increase if transmission congestion is considered. 
CONCLUSION
Almost a quarter century has passed since feed-in tariffs for renewable power were first introduced in Germany in 1991. The impact on the power sector has been profound with renewable power supplying 24% of electricity in 2013 [DESTATIS, 2014] . Compared to other countries, the financial incentives for renewable power in Germany are quite generous. In addition, renewable power benefits from guaranteed access to the transmission grid.
One of the main results concerns the relative importance of transmission grid infrastructure for developers investing in wind power capacity. After 2000 the cost of transmission system upgrades was shifted from renewable power developers to grid operators, such that scarcity in transmission capacity was no longer signaled to developers. Correspondingly, we find that grid infrastructure does not play a significant role in the location decision of developers after the regulatory change in 2000. While the regulatory change in 2000 benefitted wind power developers, the lack of a location signal for scarcity in transmission capacity has likely resulted in a distribution of wind power plants that makes suboptimal use of the existing grid infrastructure. Signaling scarcity in transmission capacity might have diminished the current need for investment in new transmission corridors.
We find that the feed-in tariff offered since 1991 is a significant driver of wind power development. A 1 e-cent/kWh increase in the feed-in tariff would raise annual additions to installed wind by capacity at the national level by around 764 MW. The effect of the feed-in tariff is stronger towards the end of the study period in 2005-2010, when a 1 e-cent/kWh increase would cause annual capacity additions at the national level to increase by 1,528 MW. We also find a significant effect of a 2004 change in the law that made locations below a certain threshold of wind power potential ineligible to receive the feed-in tariff. Wind power investment drops significantly at the ineligibility cutoff.
A counterfactual analysis shows that wind power investment occurs to a lesser extent in high-wind areas under the EEG than under a hypothetical uniform incentive that does not vary according to wind power potential. While the uniform incentive achieves a higher total output per capacity ratio than the EEG, the cost under the EEG is lower, though minimally so. Thus, the EEG goal of cost containment is achieved without too large a sacrifice in output per capacity. The EEG achieves slightly greater efficiency in terms of output per euro than a hypothetical uniform incentive.
The ultimate goal of any incentive for renewable power is to reduce power sector emissions. Pricing emissions is the first best way of achieving this goal, because subsidies for renewable power do not take into account that the abatement potential of a renewable power plant varies depending on its location within the grid and on the timing of power output. At each location within the grid and each point in time, a renewable power plant's output substitutes for output from a different set of conventional power plants with differing emission rates.
As the EEG provides, compared with a uniform incentive, a relatively greater incentive for investment in renewable power in the East, South, and Ruhr area of Germany, which happens to be where average power sector emissions are greater, the EEG may have contributed to a greater reduction in emissions than a uniform incentive. We find that the EEG reduces power sector emissions at about 3.7% lower cost than a uniform incentive, though this result rests on the simplifying assumption that wind power substitutes equally for all types of power (coal, natural gas, hydro) in each region. The actual impact of wind power on emissions requires modeling the redispatch of power, thus using marginal rather than average emission rates.
Linking the level of the feed-in tariff to wind power potential under the EEG reduced the cost of the subsidy, relieved transmission congestion, and increased emission reductions relative to a uniform incentive. These three goals could have been achieved more efficiently.
A feed-in tariff system that would have taken into account transmission constraints and the location-and time-varying nature of the abatement potential of renewable power plants would have achieved emission reductions at lower cost than the EEG. and 640 for natural gas [Lübbert, 2007] . 1996-2010 1996-1999 2000-2004 2005-2010 2000-2010 Lag capacity additions (kW) 0.601*** 0.981*** 0.682*** 0.459*** 0.569*** (0.02) (0.07) (0.04) (0.04) (0.03)
APPENDIX A: CONTROL AREAS
APPENDIX C: OLS ESTIMATES AS A ROBUSTNESS CHECK
Lag capacity additions squared -0.00198*** -0.0104*** -0.00291*** -0.000713 -0.00172*** (10 3 kW 2 ) (0.00) (0.00) (0.00) (0.00) (0.00) Incentive revenue 9.751*** 4.679*** 11.61*** 9.610*** 11.83*** (e/m 2 , 7% discount) (1. 
